The estimation of carbohydrates plays an important part in both pure and applied plant physiology. While satisfactory methods of extracting and determining the individual types of carbohydrates are available, the complete fractionation of these is a tedious process. Furthermore, for many purposes of a more applied nature the determination of the total available carbohydrate content is of greater significance than that of individual carbohydrates or groups of carbohydrates.
The term "total available carbohydrate" may be defined as including all those carbohydrates which can be used in the plant body as a source of energy or as building material, either directly or indirectly after having been broken down by enzymes. In most ordinary, higher green plants the bulk of available carbohydrate is composed of sugars, fructosans, dextrin and starch, whereas hemicelluloses and true cellulose act merely as structural materials and as such cannot further be utilized in the same way as the former (1, 6, 7, 8, 9, 
11).
Apparently there is no satisfactory method of assessing the total available carbohydrate content by means of a single determination. Acid hydrolysis of entire samples has occasionally been used as a means of determining total "hydrolyzable" carbohydrate. The results of such determinations, however, are bound to be inaccurate and even erroneous, because it is impossible to separate the starch fraction from the structural carbohydrates in this way, and also because the relatively severe conditions of hydrolysis required for the complete breakdown of starch and dextrin result in the destruction of most of the free and combined fructose (5) .
Methods
In the method described below small samples of finely-ground, air-dry plant material are subjected to digestion by takadiastase under such conditions as are necessary for the breakdown of starch, dextrin, and maltose to glucose (4) . Other sugars and fructosan are extracted at the same time and, after clarification are converted to reducing sugars by suitable acid hydrolysis; after this procedure the reducing power of the neutralized hydrolysate is determined.
To prevent chemical changes during storage the samples should be killed immediately after harvesting. This can be done by autoclaving for five minutes under five pounds of pressure or, if an autoclave is not available, by some other suitable heating treatment of short duration (5) . The killed material is dried in the air, or at a temperature of 400 to 600 C. Whell air-279 dry, the material may be divided into its morphological constituents (stems, leaves, roots, rhizomes) and weighed if required. It is then ground to a fine powder and stored in air-tight bottles.
SOLUTIONS REQUIRED BUFFER SOLUTION.-A buffer solution of pH 4.45 is prepared by mixing three volume parts of 0.2 N acetic acid with two volume parts of 0.2 N sodium acetate solution. , To one liter of this solution one gram of powdered thymol is added. This dissolves slowly but almost completely. The thymol not only preserves the buffer solution indefinitely but also acts as an efficient antiseptic in the digestion of the plant material by the takadiastase (3).
TAKADIASTASE SOLUTION.
-Commercial takadiastase contains a large proportion of free-reducing substances, and it is essential to remove these by means of dialysis in order to avoid undesirably high blank values. A suitable membrane may be prepared from a 4% pyroxylin solution in the following way: four grams of pyroxylin are soaked for 15 minutes in 25 ml. of absolute alcohol to which 75 ml. of ether are then added, the mixture is stirred and left standing in a closed vessel until the solution becomes clear. A large Soxhlet extraction thimble is partly filled with the solution and drained so that the liquid forms a continuous membrane on the inside of the thimble. The membrane is dried in a moderately warm place for from three to five minutes; i.e., until most of the ether has evaporated. The degree of evaporation can easily be judged by the odor. During drying the thimble is constantly rotated and occasionally blown into. The thimble with the membrane is kept in water until used.
For the dialysis five grams of commercial takadiastase are dissolved in a convenient volume of water. The solution is transferred to the thimble which is kept suspended in a jar of running tap water for three or four days. At the end of this period the dialyzed solution is filtered into a one-liter standard flask, and made' to volume. Dialyzed takadiastase solutions, prepared in this way, were found to be as active as the original material while containing only traces of reducing substances. Stored in the dark, preferably in a refrigerator and with the addition of a small amount of thymol, the solution will retain its activity for approximately six weeks.
If "undiluted" takadiastase of little or no reducing power is available, its use would'make such dialysis treatment unnecessary; a 0.5% solution should be satisfactory for the purpose.
PROCEDURE
Weigh out a 0.1-to 1-gram sample of air-dry material and transfer to a 100-ml. Erlenmeyer flask which has previously been weighed accurately to the nearest 0.01 gram. The weight of sample to be used depends on the total available carbohydrate content of the material (see below under section "substrate-enzyme ratio"). Add Filter and hydrolyze a 15-ml. aliquot with 0.75 ml. of 25%o hydrochloric acid for 1 hour on the boiling water-bath, attaching the flask to a reflux condenser. Cool, transfer quantitatively to a 50-ml. standard flask, nearly neutralize with 25%o sodium hydroxide solution (using a few drops of methylred solution as indicator), and make to volume. The final extract volume (50 ml.) contains 15/30 (one-half) the total available carbohydrate of the original digest.
The reducing power of the extract may be determined by any suitable reducing sugar method. In the present experiments a previously described semimicro method using 5-ml. aliquots was employed for all determinations (10) . Blank determinations should be carried out whenever a new takadiastase solution is used. For this purpose, pipette 10 ml. of distilled water, 10 ml. of buffer solution, and 10 ml. of the takadiastase solution into a 100-ml. Erlenmeyer flask. Incubate, and subsequently treat the blank digest in exactly the same way as the other digests (except for the gelatinization treatment which is omitted in the case of the blanks). Subtract the blank titration value from the titration value for the plant digest, calculate as glucose, and report as " total available carbohydrate."
A considerable number of determinations can be completed with this method in a relatively short time. The necessary equipment being available, a single worker can carry out 12 determinations simultaneously. If on each of the first three days one set of 12 determinations is started, these can be completed in succession during the following three days, making 36 determinations per week.
It is tentatively suggested that the method may also be of interest to students of problems of human nutrition. The carbohydrates determined by the described procedure are essentially those constituting that carbohydrate fraction in vegetable foods which is digestible by the human organism. The direct estimation of this fraction may well be superior to its calculation by subtraction, as is done in the conventional analysis of foodstuffs.
Experimental data DIGESTIBILITY OF VARIOUS CARBOHYDRATES
The conditions under which takadiastase converts starch completely to glucose have been ascertained by DENNY (4). YEMM (14) used takadiastase successfully for the hydrolysis of maltose as well. A series of preliminary was recovered as glucose by digestion with takadiastase. Further experiments with other commercial dextrins, all of which are produced by the action of acid upon starch, revealed that they were all more or less resistant to takadiastase (12) . Dextrin produced from starch by saliva, on the other hand, was almost completely digestible by takadiastase. While this point needs further clarification, it may be assumed that the natural dextrins occurring in plants are likewise susceptible to takadiastase.
Inulin was found to be indigestible by takadiastase, and the new method of estimating total available carbohydrates is, therefore, not suitable for plant materials containing appreciable amounts of this carbohydrate. Inulin, which is only slightly soluble in water, will be retained in the residue and not included in the result. The partial breakdown of sucrose is doubtless due to the presence of invertase in takadiastase. As shown by previous workers, fructosans are likewise susceptible to invertase and also to takadiastase, though the action of invertase upon fructosans is very slow (2). It is, however, of no significance that the breakdown of sucrose and fructosans by takadiastase is incomplete, since these water-soluble carbohydrates go into solution during the process of digestion and are subsequently hydrolyzed by the treatment with acid.
EFFECT OF CLEARING AND HYDROLYSIS TREATMENTS ON SUGAR RECOVERY
In order to discover whether or not the recovery of sugars is affected by the clearing and hydrolysis treatments employed in the total available carbohydrate determination, the following series of tests was carried out: Aqueous solutions of glucose, fructose and sucrose were prepared containing approximately 40 mg. of the sugar per 100 ml. liquid volume. The latter included 35 ml. of buffer solution (pH 4.45); i.e., the same proportion of buffer solution as the digests. Solutions were subjected to the same clearing, deleading, and hydrolysis treatments as employed in the new method of determining total available carbohydrates. For the "clearing " treatment 250 mg. of powdered neutral lead acetate were used per 100 ml. solution.
In the case of fructose and glucose the reducing power of the solution was determined before treatment, after " clearing" and deleading, and again after "hydrolysis." The sucrose solution was divided into two portions, one of which was "cleared" and deleaded, while the other portion remained "uncleared. " The treatments resulted in no loss of sugar, and hydrolysis of sucrose was complete (table II) . While the hydrolysis used here would appear somewhat more severe than the official methwds of hydrolysis of sucrose, it should be mentioned that these experiments were carried out at an altitude tained with a starch-takadiastase ratio of 1: 2. Whenever plant materials of unknown carbohydrate content are to be analyzed, preliminary experiments should be carried out to ascertain the most suitable sample weight to be used. Results of two typical series are discussed. The materials used were rhizomes of Cynodo% dactylon and mixed roots of South African grasses. A series of digestions was carried out with each of the two materials, using amounts of air-dry material ranging from 50 to 1,000 mg. per digest. The total liquid volume was 30 ml. in all cases, including 10 ml. of dialyzed takadiastase solution, corresponding to 50 mg. original takadiastase. One flask was included in each series in which the takadiastase solution was replaced by 10 ml. of distilled water. This suspension was incubated and subsequently treated in exactly the same way as the proper digests. The glucose value of this extract hence represented the total amount of water-soluble, acid-hydrolyzable carbohydrates; i.e., mainly sugars and fructosans.
In the case of Cynodon rhizomes satisfactory recovery was obtained witb amounts of air-dry material ranging from 75 to 150 mg. per digest (table  III) . Percentage glucose values resulting from these digests agreed well within the limits of experimental error, and averaged 17.8% on the air-dry basis. Higher amounts of substrate gave low values; the relatively low value obtained with 50 mg. material per digest is probably due to an analytical error resulting from the use of such a small sample. The highest sample weight with which satisfactory carbohydrate recovery could be obtained was 150 mg. of air-dry material, and the total amount of glucose yielded in this digest was 26.7 mg. Hence, carbohydrate recovery was satisfactory if the ratio of total available carbohydrate to takadiastase was not appreciably smaller than 1: 2. Since without the use of takadiastase only 4% of glucose was found, it is evident that 17 4 x 100 = 77.5%o of the total avail-17.8 able carbohydrate was takadiastase-digestible; i.e., in the form of starch and dextrin.
The mixed grass roots were considerably lower in total available carbohydrate than were the Cynodon rhizomes and also contained less starchdextrin in relation to total available carbohydrate, approximately 50%0 of the latter being extracted without the use of takadiastase. It is for these reasons that uniform results were yielded over the whole range of sample weights used; i.e., up to 1,000 mg. of air-dry material. In this digest 55.8 mg. of glucose were found of which, however, only (55.8 -2 x 14.4) = 27.0 mg. were takadiastase-digestible carbohydrate, so that the actual substrateenzyme ratio was still nearly 1: 2.
For ordinary purposes it will usually be sufficient to conduct preliminary tests with two or three different sample weights. Even the result of a single determination can be accepted as reliable if the amount of total available carbohydrate found per digest is not appreciably greater than half the amount of takadiastase used.
COMPARISON OF METHODS
To test the reliability of the new method, 24 samples of shoots, roots, and rhizomes of grasses were analyzed by the new procedure as well as by one of the usual methods of carbohydrate fractionation. For the latter method sugars were extracted from the air-dry, killed material with 95% alcohol; fructosans and dextrins with cold water. For the determination of starch, saliva digestion and subsequent acid hydrolysis were used. Details of these mnethods and percentages of the individual carbohydrates of these materials have been published elsewhere (13). In order to compare the results with those of the total available carbohydrate determination by the new method, the combined percentages of sugars, fructosans, dextrins, and starch have been calculated as glucose, and are given together with an indication of the form of the principal carbohydrate(s) in each species (table IV) . A comparison of the fractionation results with those of the takadiastase method shows that the latter produced higher results than the former in all materials. LoOMIS and SHULL (5) pointed out that takadiastase may hydrolyze materials other than carbohydrates and that high values may result from the production of reducing non-sugar substances. The proportion of these can be roughly estimated by fermentation, which will remove hexose sugars from such mixtures.
All the final extracts from the takadiastase digests (including blanks) were subjected to rapid fermentation by baker's yeast, essentially according to the procedure proposed by YEMM (14) . A 20-ml. aliquot of the neutralized hydrolysate and 5 ml. of a 10% suspension of washed baker's yeast were mixed in a large test tube. The mixture was incubated for four hours at approximately 350 C., a steady stream of air being drawn through. The yeast was then separated from the solution by centrifuging. From the reducing power of the solution the unfermentable residue value of the extract was calculated, making the necessary corrections for blank values and dilutions. Preliminary fermentation tests with pure sugar solutions which had been subjected to the same clearing and hydrolysis treatments as the plant digests indicated that complete or almost complete removal of sugars could be attained by this procedure (table II) . It is of particular interest to note that neither the use of thymol (introduced with the buffer solution) nor that of lead acetate for clearing inhibited the fermentation.
In most of the final extracts of the plant digests mere traces of unfermentable reducing substances were present (table IV) . Only one instance was found where unfermentable reducing substances could possibly account for the higher carbohydrate value of the new procedure as compared with that of the orthodox method (roots of Elyonurus argenteuls). In this material, however, the result obtained with the takadiastase method exceeded the fractionation result by only 7%. It would thus appear that the higher values yielded by the new method are, in general, due to fermentable sugars. The low figures for the unfermentable residues exclude particularly the possibility that any appreciable amounts of hemicelluloses were broken down by the takadiastase, since this would have resulted in the production of unfermentable pentoses. The high carbohydrate values yielded by the takadiastase method must, therefore, be due to the hydrolysis of carbohydrate groups such as occur in glucosides, proteins, pectic substances, and other colloidal materials. There seems to be no a priori reason why such carbohydrate groups, though not determined by the more commonly employed procedures, should not be included in the fraction of physiologically available carbohydrates in the plant body.
The correlation coefficient for the results of the fractionation and the takadiastase method, as computed from the 24 pairs of determinations, is + 0.9990, indicating a positive correlation of very high significance.
That differences in the total available carbohydrate content brought about by physiological conditions can also be ascertained by the new pro-cedure is shown by the following series. Roots of Tristachya hispida which had been harvested from the plots of an experiment subjected to different clipping treatments for two seasons were analyzed (table V) . 
